Leprosy is a chronic infectious and neurological disease that is caused by infection of Mycobacterium leprae (M. leprae). A recent genome-wide association study indicated a suggestive association of LRRK2 genetic variant rs1873613 with leprosy in Chinese population. To validate this association and further identify potential causal variants of LRRK2 with leprosy, we genotyped 13 LRRK2 variants in 548 leprosy patients and 1078 healthy individuals from Yunnan Province and (re-)analyzed 3225 Han Chinese across China. Variants rs1427267, rs3761863, rs1873613, rs732374 and rs7298930 were significantly associated with leprosy per se and/or paucibacillary leprosy (PB). Haplotype A-G-A-C-A was significantly associated with leprosy per se (P = 0.018) and PB (P = 0.020). Overexpression of the protective allele (Thr2397) of rs3761863 in HEK293 cells led to a significantly increased nuclear factor of activated T-cells' activity compared with allele Met2397 after lipopolysaccharides stimulation. Allele Thr2397 could attenuate 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine-induced autophagic activity in U251 cells. These data suggest that the protective effect of LRRK2 variant p.M2397T on leprosy might be mediated by increasing immune response and decreasing neurotoxicity after M. leprae loading. Our findings confirm that LRRK2 is a susceptible gene to leprosy in Han Chinese population.
INTRODUCTION
Leprosy is a chronic infectious and neurological disease that is caused by Mycobacterium leprae (M. leprae) infection. The bacterium can affect human peripheral nerve and skin with consequent nerve damage and/or disabilities. 1 Over decades, the prevalence of leprosy has been reduced gradually; however, it still affects approximately 200 000 people annually according to the World Health Organization report. 2 Up to now, leprosy remains a public health problem, and the molecular underpinnings of M. leprae infection and leprosy onset have not been fully elucidated.
Development of leprosy after M. leprae infection depends on host genetic background. Among those people who were potentially exposed to M. leprae, o 5% of them develop disease. 3, 4 In addition, most of leprosy patients living in endemic areas always have poor nutrition conditions, suggesting that environment and host genetic background have key roles in leprosy susceptibility. During the past years, accumulating evidence showed that host genetic background can influence the infection of M. leprae and its clinical manifestation, such as TLR1, 5 HLA-DRB1, 6 NOD2, 6, 7 ILs, 8, 9 TNF, 10 VDR, 11 MRC1, 12 IFNG, 13, 14 FCN2, MBL2 and CFH. 15, 16 These innate and adaptive immune response relevant genes had a complex interplay with pathogen and host during disease onset.
Human leucine-rich repeat kinase 2 (LRRK2, OMIM 609007) gene encodes dardarin (PARK8), which is involved in the interferongamma response and host response to pathogens. 17 This gene is located in the 12q12 chromosomal region and contains 51 exons. LRRK2 is a multi-domain protein with 2527 amino acids, includes enzymatic activity domains (a GTPase and a kinase domain), a leucine-rich repeat (LRR) domain and a C-terminal WD40 repeat domain. 18 Recently, single-nucleotide polymorphism (SNP) rs1873613 of the LRRK2 gene was identified as a risk factor for leprosy in Han Chinese in a genome-wide association study (GWAS). 6 In previous studies, LRRK2 mutations were recognized as the most common cause of hereditary Parkinsonism, 19, 20 which is a neurodegenerative movement disorder characterized by the presence of intracytoplasmic lewy bodies and lewy neuritis. 21 Genetic polymorphisms of LRRK2 were also reported to be associated with susceptibility to Crohn's disease 22 and cancer. 23 In addition, LRRK2 might have a key role in autophagy, 24 and overexpression of mutant LRRK2 in human neuroblastoma cells caused autophagy activation and significantly decreased neurite length. 25 LRRK2 could act as a regulator to control the nuclear factor of activated T-cells (NFAT) activity in the immune system 26 and regulated microglial inflammatory responses. 27 In this study, we genotyped 13 SNPs of the LRRK2 gene (including the GWAS hit rs1873613) 6 in 527 Han Chinese with leprosy and 1078 healthy subjects from Southwest China to investigate whether this gene is involved in leprosy and to identify the potential causal variant(s). We found that five variants (rs1427267, rs3761863 (p.M2397T), rs1873613, rs732374 and rs7298930) were significantly associated with leprosy per se and/ or paucibacillary leprosy (PB) patients. Functional characterization showed that polymorphism p.M2397T (rs3761863) can increase the NFAT activity after lipopolysaccharides (LPS) stimulation in HEK293 cells and attenuate 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced autophagic activity in U251 cells. Our results confirmed that LRRK2 is a susceptibility gene to leprosy in Han Chinese population.
RESULTS

Association of LRRK2 SNPs and haplotypes with leprosy per se and PB patients
The minor allele frequency (MAF) for SNPs (except for six rare/ pathogenic SNPs, which had a frequency of 0.0-0.04) analyzed in this study ranged from 28.2% to 49.4% (Tables 1 and 2) . Considering a MAF of 0.282 as observed in our samples, the power to detect an odds ratio (OR) value as low as 1.6 for risk allele was expected to be 497% while the power for MAF of 0.494 was expected to be 495%.
With the exception of rs732374 (P = 0.010) and rs7298930 (P = 0.027), none of the analyzed tag SNPs and the reported GWAS hit SNP had a deviation from Hardy-Weinberg equilibrium (HWE) in the control group. Note that we also observed a marginally significant HWE P-value for rs732374 (P = 0.05) in Han Chinese from Eastern China in our previous study. 28 The deviation from HWE was unlikely caused by genotyping errors, as we found no problem during the double check of the original genotyping data, and we could consistently validate the genotyping results by sequencing 2% randomly selected individuals. There was no significant difference (P40.05) when we compared genotype frequency of these two SNPs in the control population with HapMap CHB data (82 Han Chinese) or with 3225 Han Chinese reported in our recent studies. 28, 29 The reported pathogenic LRRK2 mutations were also found in some subjects, albeit with a very low frequency (Table 3) .
We failed to validate the association between the GWASreported SNP rs1873613 with leprosy per se. However, when we subdivided leprosy into PB and multibacillary leprosy (MB) populations according to their clinical expression, genotype GG of rs1873613 had a marginal significant difference (P = 0.045) between the PB group and control group, and allele G had a lower frequency in the PB group (26.4%) compared with the control group (31.8%; OR = 0.769, P = 0.020). Among the six tag SNPs, three of them appeared to have a protective role against leprosy per se (rs3761863, genotype GG: OR = 0.713, P = 0.038; rs732374, genotype AA: OR = 0.651, P = 0.020; and rs7298930, genotype CC: OR = 0.647, P = 0.005) and the PB group (rs3761863, genotype GG: OR = 0.584, P = 0.014; rs732374, genotype AA: OR = 0.592, P = 0.026; and rs7298930, genotype CC: OR = 0.558, P = 0.005) at the genotypic level. However, tag SNP rs1427267 conferred a risk to leprosy per se (genotype AA: OR = 1.403, P = 0.026; genotype AG: OR = 1.394, P = 0.015), MB group (genotype AG: OR = 1.512, P = 0.015) and the PB group (genotype AA: OR = 1.585, P = 0.020) at the genotypic level. This pattern was robust when these SNPs were analyzed at the allelic level. SNPs rs732374 and rs7298930 appeared to have a protective role against leprosy per se (A allele of rs732374: OR = 0.804, P = 0.008; and C allele of rs7298930: OR = 0.811, P = 0.006) and the PB group (A allele of rs732374: OR = 0.767, P = 0.018; and C allele of rs7298930: OR = 0.739, P = 0.003). SNP rs3761863 was associated with the PB group (G allele: OR = 0.775, P = 0.013). Moreover, SNP rs1427267 conferred a risk to leprosy per se (A allele: OR = 1.179, P = 0.030) and the PB group (A allele: OR = 1.274, P = 0.016). When we aggregated the Han Chinese samples that were reported in our previous studies 28, 29 and this study (n = 4303) together to increase the statistical power, the above associations with leprosy per se were further confirmed at the genotypic level ( Table 2) .
We performed linkage disequilibrium analysis to test whether these tag SNPs in the case and control groups were linked together. As shown in Figure 1 , both populations had a similar linkage disequilibrium structure, and this result was consistent with the observation in our recent studies of Han Chinese from other parts of China. 28, 29 Note that rs1427267 was linked with rs7298930 (r 2 = 0.81 in case population and r 2 = 0.83 in control population), so we excluded SNP rs7298930 in the following analysis.
A total of 22 haplotypes in the cases and 23 haplotypes in the controls (order of SNPs: rs1873613-rs732374-rs1427267-rs7307310-rs3761863) were reconstructed based on five tag SNPs. Among them, seven haplotypes were observed as the most common haplotype. The overall haplotype test was performed to show the global difference in haplotype frequencies between the case (also grouped into PB and MB) and control populations. There were significant differences for the two groups (Chi-square test: case vs control, P = 0.031; MB vs control, P = 0.221; PB vs control, P = 0.033). In particular, haplotype A-G-A-C-A (consists of non-protective allele of each SNPs) posed a risk effect on leprosy per se (OR = 1.282, P = 0.018) and the PB group (OR = 1.369, P = 0.020). Haplotype A-G-G-C-A had a marginally significant protective effect on leprosy per se (OR = 0.685, P = 0.046; Table 4 ).
We also measured the serological difference of LRRK2 between cases and controls. However, we found no significant difference of serum LRRK2 concentrations between the cases and controls (t-test, P40.05; Supplementary Figure S1 ).
LRRK2 allele Thr2397 increases NFAT activity in HEK-293 cell stimulated by LPS
To understand the underpinning of the protective role of SNP rs3761863 (p.Met2397Thr) on PB leprosy, we performed an evolutionary comparison to evaluate the conservation of this position in vertebrates and characterized different alleles of variant p.M2397T on NFAT activity in HEK293 cells treated with and without LPS. LRRK2 variant p.M2397T was relatively conserved among the primates and rodentia (Supplementary Figure S2 ). We made a variety of constructs, including full-length LRRK2 (wild type (WT)) and variants bearing pathogenic mutations p.G2019S, p.M2397T and deletion of WD40 domain (ΔWD40). As shown in Figure 2 , after 12 h treatment with LPS (1 μg ml − 1 ), the reported Parkinson's disease (PD)-associated pathogenic mutation p.G2019S and the truncated LRRK2 mutant ΔWD40 had no observed effect on regulating NFAT activity compared with the WT LRRK2. In contrast, variant p.M2397T significantly increased NFAT activity (t-test, P o 0.05) upon LPS treatment compared with the WT.
Stable expression of LRRK2 allele Thr2397 attenuates MPTP-induced autophagy in U251 cells
MPTP is a neurotoxic drug that induces autophagy in neuroblastoma cells. 30 We tested whether the stable expression of LRRK2 p. M2397T variant could regulate autophagy in U251 cells with and without MPTP treatment. Consistent with previous study that LRRK2 p.G2019S variant could cause a high-level basal autophagy in cultured fibroblasts, 31 we found that p.G2019S and p.M2397T of LRRK2 had a similar level of basal autophagy based on the quantification of LC3B-I to LC3B-II conversion. However, after treatment with MPTP (500 μM), the control (without transfection), PLVX (vector), WT LRRK2 and p.G2019S variant groups had a higher autophagic activity than those without MPTP treatment. Variants Thr2397 and ΔWD40 of LRRK2 salvaged autophagy in cells after MPTP treatment ( Figure 2 ).
DISCUSSION
Recently, Zhang et al. 6 carried out the first leprosy GWAS in Han Chinese population, and rs1873613 of the LRRK2 gene was identified to be associated with leprosy. The association between this variant and leprosy was said to be validated in Indian patients. 32 Previous investigations also showed that overexpression of mutant LRRK2 (for example, p.G2019S, p.R1441C, p.I2020T, p.Y1699C) in cultured cells caused neuron damage, 33 LRRK2 polymorphisms and leprosy susceptibility D Wang et al inflammation 26, 27 and mitochondrial dysfunction. 35 All these observations suggested that LRRK2 had important roles in cellular activity and might explain why LRRK2 was involved in the pathogenesis of PD, Crohn's disease, cancer and/or leprosy. 36 Intriguingly, we found that the LRRK2 gene had experienced positive selection both in hominidae and primate lineages during the evolution (ω 2 4ω 1 and P-value o0.05; Supplementary  Method and Supplementary Table S1 ) by branch model test, which might account for the adaptation to its biological functions and/or host diseases in primates. Moreover, these vertebrate species that were reported to be infected by M. leprae, including primates (human, chimpanzee, gorilla and monkey), rodentia (guinea pig, mouse and rat), hedgehog, tree shrew and ninebanded armadillo, 4, 37, 38 were clustered together in their respective clades in the neighbor-joining tree of LRRK2 amino-acid sequences (Supplementary Figure S2) . Based on the clustering pattern of the tree, we speculated that those species which were marked with a '?' might be infected by M. leprae. Taken all these lines of evidence together, it seemed that LRRK2 gene is likely to be involved in leprosy.
In this study, we aimed to define the potential role of LRRK2 in leprosy. We first attempted to validate and identify LRRK2 genetic variants that were associated with leprosy, followed by functional characterization of risk allele at the cellular level. Besides the previously reported GWAS-hit SNP rs1873613, 6 additional SNPs were genotyped to have a better characterization of the association of LRRK2 variants with leprosy. The analyzed case and control populations had no potential population stratification and sampling bias based on our previous analysis of matrilineal genetic components, 39 which could serve as a good basis for genetic association analysis. In contrast with the GWAS report, 6 we failed to replicate the reported association of rs1873613 with leprosy per se, but we discerned an association of this SNP with PB leprosy. This result might be explained by the weak linkage disequilibrium of rs1873613 with potential causal variant and/or a large chromosomal distance from the LRRK2 gene. The complexity of leprosy clinical outcomes and different regional samples might also account for the incomplete consistency between our study and the GWAS report. 6 Note that rs1873613 had a positive signal as expression quantitative trait loci for the nearby SLC2A13 gene according to the information provided by the expression quantitative trait loci database Genevar (www.sanger.ac.uk/ resources/software/genevar/). Further analysis of the SLC2A13 gene would be worthwhile to clarify the role of rs1873613 in leprosy.
Intriguingly, four LRRK2 SNPs (rs1427267, rs3761863, rs732374 and rs7298930) were identified to be strongly associated with leprosy per se and PB at both the genotypic and allelic levels. Similarly, we observed significant associations of LRRK2 haplotypes that were composed of SNPs rs1873613-rs732374-rs1427267-rs7307310-rs3761863 with leprosy per se and/or PB (Table 4 ). These results reinforced the notion that LRRK2 genetic variants confer susceptibility to leprosy.
Among these leprosy-associated SNPs, the non-synonymous SNP rs3761863 (p.Met2397Thr) was previously identified to be associated with Crohn's disease 22 and was reported to affect the amount and stability of LRRK2 protein in vitro. 26 However, we observed no effect of this variant on the serum LRRK2 level between the case and control populations (Supplementary Figure S1 ). We next characterized the putative role of p.M2397T compared with the PD-associated pathogenic mutation p.G2019S. We demonstrated that overexpression of allele p.T2397 had a significantly increased NFAT activity after LPS stimulation in HEK293 cells, whereas mutant p.S2019 had no effect on NFAT activity (Figure 2 ). This result was reasonable as the kinase function of LRRK2 did not participate in NFAT regulation. 26 There is increasing evidence that demonstrates the active role of LRRK2 in regulating macroautophagy, chaperone-mediated Table 2 . LRRK2 polymorphisms and leprosy susceptibility D Wang et al autophagy and mitophagy. [40] [41] [42] Therefore, we investigated whether LRRK2 mutations could affect the progress of autophagy in the presence of MPTP. MPTP caused a destruction of dopaminergic neurons in the nigrostriatal pathway, 43 and this degeneration of neurons was associated with MPTP-induced autophagy. 30, 44 We observed that Thr2397-LRRK2 and ΔWD40-LRRK2 could inhibit the process of MPTP-induced autophagy. In contrast, the PD-pathogenic mutation p.G2019S could increase the highest ratio of the LC3-II conversion. This result suggested that variant p.M2397T might have an opposite role with p.G2019S in regulating autophagy. Variant p.M2397T is located within the WD40 domain of the LRRK2 protein. Deletion of WD40 domain could eliminate LRRK2 dimer complex formation and kinase activity. 45 Moreover, in vivo loss-of-function study of LRRK2 in zebrafish showed that deletion of WD40 domain caused brain dopaminergic neurons loss and axon tract disorganization. 46 We found that the WD40 domain had a protective role in MPTPinduced neurotoxicity. In addition, p.M2397T had a similar role as the WD40 domain during this process, suggesting that individuals with allele T2397 might have different susceptibility to autophagy. Collectively, we speculate that the protective effect of allele T2397 on leprosy might be mediated by an increasing immune response and decreasing neurotoxicity after M. leprae loading. A limitation of this study is the lack of direct relevance between autophagy and M. leprae infection affected by LRRK2 genetic polymorphisms. It may provide more evidence to work on the early onset leprosy patients with Met2397 or Thr2397, and assess the autophagy and bacteria index at the lesion, because the role of LRRK2 and autophagy in bacterial clearance and disease clinical manifestations may be most important early in infection. Unfortunately, we do not have access to these samples at the moment. Another limitation of the study is that there is a possibility of rare LRRK2 mutations in leprosy even though we analyzed several reported pathogenic mutations.
In summary, we showed that the GWAS top hit SNP rs1873613 of the LRRK2 gene was not associated with leprosy per se but was associated with PB in our samples. We identified additional tag and functional SNPs that were associated with leprosy per se and its subtypes. Functional assays showed that LRRK2 variant p.M2397T affected NFAT activity in immune response and MPTPinduced autophagy. Further experiments are needed to explore this association and to understand the LRRK2 functional change in leprosy.
MATERIALS AND METHODS
Ethics statement
Written informed consents conforming to the tenets of the Declaration of Helsinki were obtained from each participant prior to the study. The institutional review board of the Kunming Institute of Zoology approved this study. Abbreviations: MB, multibacillary leprosy; PB, paucibacillary leprosy. a Detailed information for these pathogenic mutations was listed in our previous study 28 and references therein). b Han Chinese without leprosy from Sichuan (N = 776), Hunan (N = 966) and Shanghai (N = 1483) reported in our recent studies. 28,29 c No significant differences were observed (P40.05; Fisher's exact test). Figure 1 . The linkage disequilibrium (LD) structures of six LRRK2 SNPs in leprosy patients and healthy controls. Black squares represent high LD as measured by r 2 , gradually coloring down to white squares of low LD. The individual square showed the r 2 value for each SNP pair (r 2 value is multiplied by 100).
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Study subjects
We performed a case-control study in a population from Yuxi Prefecture, Yunnan Province of Southwest China. This study was carried out in 1626 samples, including 548 leprosy patients (onset age from 2 to 67 years, mean age: 24.9 ± 12.5 years; male/female ratio = 399/149; multibacillary: paucibacillary = 295: 252, one individual without a clear clinical classification) and 1078 healthy control subjects from the same geographic area (age from 4 to 91 years, mean age: 39.9 ± 17.6 years; male/female ratio = 590: 488). The diagnosis of leprosy patients was based on clinical and histopathological features, as well as the bacteriological index if available, as described in our recent epidemiological study for leprosy in this region. 47 Additional 3225 Han Chinese (776 samples from Sichuan Province, 966 samples from Hunan Province and 1483 samples from Shanghai) reported in our recent studies were included in this study for comparison. 28, 29 All healthy individuals had no history of leprosy, HIV infection and tuberculosis. These samples had been analyzed for other susceptibility genes to leprosy in our previous studies. [14] [15] [16] 39 LRRK2 SNP selection and genotyping Genomic DNA was extracted from whole blood by using the AxyPrep Blood Genomic DNA Miniprep Kit (AP-MN-BL-GDNA-250, Axygen, Union City, CA, USA). Thirteen SNPs of the LRRK2 gene were selected and analyzed in this study, following a similar strategy described in our previous studies. 28 G2385R) ) were chosen, because these pathogenic mutations led to aberrant LRRK2 function and were regarded as the genetic cause of PD. 18 We included these reported (rare) pathogenic LRRK2 mutations in the analysis to discern whether these mutations may have a role in leprosy. Finally, the GWAS-hit SNP rs1873613 of leprosy 6 (which is located at 66.4 Kb upstream of the LRRK2 gene) was also included in the analysis. Two genotyping methods were employed in this study. SNPs rs1427267, rs3761863 and rs1873613 were detected by PCR restriction fragment length polymorphism. Briefly, PCR was performed in a 20-μl reaction volume with 50 ng of genomic DNA, 10 pmol of each specific primer ( Supplementary Table S2 ), 0.2 mM of each dNTP, 2 mM of MgCl 2 and 0.5 U Taq DNA polymerase (TaKaRa Biotechnology Co. Ltd, Dalian, China). PCR products were digested by specific restriction enzymes NmuCI, TaaI and SwaI (New England Biolabs, Beverly, MA, USA), respectively. Each SNP and genotypic profiles were determined by 2% agarose gel electrophoresis. The other 10 SNPs (rs732374, rs7307310, rs7298930, rs4473003, rs34594498, rs33939927, rs35801418, rs34637584, rs35870237 and 34778348) were detected using multiplex PCR and the SNaPshot technique (ABI PRISM SNaPshot Multiplex System, Foster City, CA, USA) as described in our recent study. 28 All SNPs had a call rate of 498%. Further analysis of SNPs rs1427267, rs3761863 and rs1873613 that were initially genotyped by restriction fragment length polymorphism using SNaPshot confirmed the genotyping results. Direct sequencing of 2% of samples validated 100% correctness of genotyping.
Statistical analysis for LRRK2 genetic association
Deviation from HWE was assessed for each SNP by Chi-square tests. Cases and controls were compared according to the frequencies of genotypes and alleles. Linkage disequilibrium structure was determined by using Haploview. 48 Haplotype construction and frequency were estimated by using the Phase software (Seattle, WA, USA). 49 The global difference in haplotype frequency between cases and controls was estimated by Chisquare test. Potential association of SNP with leprosy (including leprosy subtype) was estimated using unconditional logistic regression model, with an adjustment for sex. All analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Power calculations were performed using the Quanto software (Los Angeles, CA, USA). 50 
Quantification of plasma LRRK2 level
We randomly chose 229 leprosy samples (including 112 MB patients and 117 PB patients) and 57 healthy controls to measure plasma LRRK2 level by using the Enzyme-Linked Immunosorbent Assay Kit (R&D Table 4 . 
Functional assay for LRRK2 variant p.M2397T (rs3761863)
We performed cellular assay to characterize the potential effect of the LRRK2 variant p.M2397T (rs3761863). Human LRRK2 cDNA and a truncated mutant, LRRK2-delWD40 (ΔWD40, deletion of residues 2010-2527 of LRRK2, which represents the WD40 domain), were amplified by two sets of primers ( Supplementary Table S3 ) to introduce restriction endonuclease sites for XhoI and NotI, and PCR products were cloned into pCMV-c-Myc vector (Clontech, Mountain View, CA, USA), respectively. We generated two mutants (p.G2019S and p.M2397T) based on the WT LRRK2 by using site-directed mutagenesis PCR methods. All mutants were verified by sequencing.
To generate a stable and inducible cell line expressing WT or mutant LRRK2 upon doxycycline (Dox, Sigma, St Louis, MO, USA) induction, WT or mutant LRRK2 was subcloned into pLVX-tight-puro (Clontech) by using two sets of primers to introduce restriction endonuclease sites (NotI and MluI) and the c-Myc tag ( Supplementary Table S3 ). HEK293 cells were transfected with LRRK2 vector, packaging plasmid psPAX2 (Addgene, Cambridge, MA, USA) and envelop plasmid PMD2.G (Addgene) with a ratio of 3:2:1, respectively. The lentivirus was collected from cell supernatant at 48 h after transfection. Human U251 cells grown in a 12-well plate were sequentially infected with 500 μl lentivirus supernatant in the presence of 1 μg ml − 1 Polybrene (Sigma) and were selected by puromycin (1 μg ml − 1 ) and G418 (500 μg ml − 1 ) for 2 weeks.
HEK293 cells were plated in 24-well plates at a density of 1 × 10 4 cells, cultured overnight and then were transfected with 0.2 μg of pNFAT-TA-Luc (Clontech) reporter vector and 0.3 μg of expression constructs (LRRK2-cMyc and its mutants) by using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA). As an internal control, cells were also transfected with 0.02 μg Renilla luciferase construct. The transfected cells were left untreated or treated with LPS (1 μg ml − 1 , Sigma) for 12 h. Cells were lysed and subjected to a luciferase reporter assay (Promega, Madison, WI, USA) following the manufacturer's instructions. U251 cells with stable expression of WT and mutant LRRK2 were treated with or without MPTP (500 μM) for 24 h, and cell lysates were prepared using protein lysis buffer (Beyotime, Shanghai, China). Western blots for target protein were performed using the standard method. In brief, a total of 30 μg protein was separated by 10-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and was transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked with 5% (w/v) skim milk for 2 h at room temperature. The membrane was incubated with primary antibodies against c-Myc (Sigma, 1:1000), LC3B (Cell Signaling Technology, Danvers, MA, USA, 1:1000) and β-actin (EnoGene Biotech Co. Ltd, New York, NY, USA, 1:10000) overnight at 4°C, and after three washes with TBST buffer, the membrane was incubated with a peroxidase-conjugated antirabbit immunoglobulin G (KPL, Milford, MA, USA, 1:5000) for 1 h at room temperature. The epitope was visualized using an ECL Western Blot Detection Kit (Millipore, Billerica, MA, USA). 
